The processing and stability of the non-structural (ns) proteins of Semliki Forest virus were studied in vivo. Virus-specific proteins from infected cells were identified by immunoprecipitation with monospecific antisera. The complete ns precursor, P1234, translated within 7 to 9 min of the start of translation, was processed before the completion of translation into P123 and nsP4. Pulse-chase experiments showed that the mature ns proteins were relatively stable for at least 2 h. Interestingly, the decrease in the amount of the P34 precursor during chase is accompanied by an increase only in the amount of nsP3, which could explain the observed lower amount of nsP4 in infected cells. In cells infected with SFV RNA-mutants ts4 and ts6 maintained at the restrictive temperature, nsP4 but no nsP1, nsP2 or nsP3 accumulated in addition to the ns precursor proteins P1234, P123, P12 and P34. Translation in vitro of mRNAs from a cDNA clone, encoding P1234 with a deletion in the carboxyterminal proteinase domain of nsP2, did not yield nsP1, nsP2 or nsP3 but only nsP4, indicating that cleavage at the nsP3/4 sites is independent. Evidently, nsP4 is produced by a nascent cleavage of the growing P1234, catalysed by its own proteinase activity; the proteolytic cleavages at the nsP1/2 and nsP2/3 sites are catalysed by the proteinase moiety of nsP2.
Introduction
The 5' two-thirds of the 42S RNA genome of Semliki Forest virus (SFV) is translated as a long non-structural (ns) polyprotein, P1234, from which the mature ns proteins, designated nsP1 to nsP4, are released by proteolytic cleavage. All four alphavirus-specific ns proteins are involved in the replication of virus RNA (Schlesinger & Schlesinger, 1990; K/i~iri[iinen et al., 1987; Strauss & Strauss, 1986) .
The full-length ns polyprotein P1234 of SFV is processed through two alternative pathways yielding either P123 (nsP1 + n s P 2 + n s P 3 ) and nsP4, or P12 (nsP1 + nsP2) and P34 (nsP3 + nsP4). These short-lived processing intermediates have been identified in cells infected with different temperature-sensitive (ts) mutants; their precursor-product relationships have been analysed by peptide mapping (Lachmi & K/i/iri~iinen, 1976 (Lachmi & K/i/iri~iinen, , 1977 K/i/iri/iinen et al., 1978; Ker~inen & K/i/iri/iinen, 1979; Glanville et al., 1978) . All the intermediates have been identified in prototype SFVinfected cells, as well as in the in vitro translation products of the 42S RNA (Lehtovaara et al., 1980; Takkinen et al., 1990) .
The expression strategy of the ns polyprotein of Sindbis virus (SIN), a closely related alphavirus, is different. Full-length P 1234 is produced in low amounts by readthrough of the opal codon located between nsP3 and nsP4, and therefore nsP4 is produced in very low amounts (Strauss et al., 1983 (Strauss et al., , 1984 . The proteolytic cleavages at the nsP1/P2 and nsP2/P3 sites in the major ns precursor, P123, are carried out by the proteinase activity of nsP2 (Ding & Schlesinger, 1989; Hardy & Strauss, 1989; de Groot et al., 1990) . The proteinase domain is located in the carboxyterminal region of SIN nsP2, which shows limited sequence identity with the active site sequence of the cysteine proteinases of the papain family (Hardy & Strauss, 1989) .
We have recently studied the processing of the SFV nsP3/P4 site by in vitro translation of mRNAs encoding the P34 protein and its truncated derivatives. It was shown that nsP4 has autoproteinase activity, which resides within the first 102 amino-terminal residues, and that this activity can cleave at the nsP3/4 site, but seemingly only in cis (Takkinen et al., 1990) .
In this paper we have studied the processing of P1234 in vivo and in vitro using prototype SFV and ts RNAmutants as well as mRNA constructs transcribed in vitro.
Methods

Cells and viruses.
The origin and cultivation of prototype SFV and the ts mutants, as well as BHK cells, have been described previously (Ker~nen & KRari~iinen, 1974 , 1979 .
Radiolabelling of cells. BHK cells in 60 mm dishes were infected with prototype SFV (50 p.f.u./cell) and incubated at 37 °C. The medium was replaced with methionine-free MEM 30 rain before labelling at 2-5 h post-infection (p.i.); at this time cells were exposed to 200 ttCi/dish [3sS]methionine (1000 Ci/mmol; Amersham) for various times. In the early and late phases of infection the labelling was done 1 h 45 rain and 4 h p.i., respectively. When samples were chased after labelling, the cells were incubated in MEM containing a 20-fold excess of unlabelled methionine.
Hypertonic treatment of the cells, for synchronization of the initiation of translation, was done essentially as described (K~ri/iinen et aL, 1978; Ker~nen & Ruohonen, 1983) . Infected cells were treated with MEM containing 335 n~-NaCl for 30 rain before labelling, the hypertonic MEM was replaced by MEM containing 0.1 M-sucrose and [35S]methionine 3 h p.i., and the cells were labelled for various times. Cells infected with ts4 or ts6 were first incubated at the permissive temperature (28 °C) to allow the synthesis of virus-specific RNA. At 6 h p.i. the cells were transferred to the restrictive temperature (39 °C) and labelled for 15 rain, followed by a 2 min chase. In all experiments the cells were lysed in 2% hot (60 °C) SDS.
Immunoprecipitation. Cell lysates were passed through a 20-gauge needle 10 times to shear the DNA, boiled for 2 min and diluted (1/10) with NET buffer [1% NP40, 50 mr, l-Tris-HCl pH 8.0, 400 mM-NaCI, 5 mM-EDTA, 0.02% NaN3 and 100 units (U)/ml Trasylol]. An aliquot (700 lal) of the diluted lysate was incubated with 10 ttl of the respective antiserum at 4 °C overnight and Protein A-Sepharose (Pharmacia), 250 ttl of 2-5% solution, was used to collect the immune complexes by incubation in an end-over-end shaker for 60 rain. The beads were washed five times with NET buffer and once with 10 mra-Tris-HCI pH 6.8, and the immunoprecipitates were dissociated from the beads with Laemmli sample buffer and analysed by SDS-PAGE in 7.5% or 7.5 to 15% gels (Laemmli, 1970) . The gels were fluorographed according to Bonner & Laskey (1974) and densitometric tracing of the autoradiograms was carried out using Ultroscan XL Enhanced Laser Densitometer (LKB).
In vitro transcription-translation constructions. A eDNA clone encoding the P1234 precursor (pTSF1234) has been cloned under the control of the T7 promoter in a pGEM vector (Promega) (unpublished data). The pTSF1A234 construct derived from pTSF1234 contains a ScaI [nucleotide (nt) 3269 in SFV cDNA]-SalI (nt 3791) fragment deletion within the carboxy-terminal coding region of nsP2. The deletion was produced using a subclone containing the HindIII (nt 1944)-Xhoi (nt 5303) eDNA fragment of SFV 42S RNA (Takkinen, 1986) . This clone was first cleaved with Sail (nt 3791), the 5' protruding SalI ends were filled in with the Klenow fragment of DNA polymerase [ to allow in-frame fusion with the blunt-ended Scal fragment, and then :leaved with HindIII. The HindIII (nt 1944)-Sali (nt 3791) fragment ~as replaced by the HindIII (nt 1944)-Scai (nt 3269) fragment from the ;ame eDNA clone, resulting in a deletion of 522 bp, encoding 174 tmino acid residues. The deletion was transferred to pTSF1234 by "eplacing its HindIII-XhoI fragment with that of the deletion clone. :or transcription, both clones were linearized at the multi-linker region ~f the vector using BamHI; in vitro transcription and translation, and mmunoprecipitation analysis, were done as described earlier Takkinen et al., 1990) . 
Results
Stability o f SFV-specific ns proteins
BHK-21 cells were infected with prototype S F V at 37 °C and 2.5 h p.i. exposed to [35S]methionine for 30 min and chased for 0, 30, 60 or 120 min in m e d i u m containing excess unlabelled methionine. Proteins in the cell lysates were i m m u n o p r e c i p i t a t e d with the four anti-ns protein antisera and analysed by S D S -P A G E (Fig. 1 ). Precursor proteins P1234 and P123 were visible only i m m e d i a t e l y after the 30 m i n pulse, whereas the P12 and P34 precursors were completely processed within 60 and 30 min, respectively. The m a t u r e ns proteins (nsP1, -2, -3 and -4) were relatively stable during the 2 h chase period. In Fig. 1 , the broadness o f the nsP3 b a n d is evidently due to differences in the p h o s p h o r y l a t i o n of the protein (Per/inen et al., 1988) . The a m o u n t of nsP4 clearly was lower than that of nsP3 throughout the chase period. Less nsP4 relative to n s P l , nsP2 and nsP3 in S F V -i n f e c t e d cells has also been observed by Ker~inen & R u o h o n e n (1983) and by Sawicki & Sawicki (1986) .
The processing o f P34 and the accumulation of m a t u r e nsP4 was studied also in the early (1 h 45 rain p.i.) and late (4 h p.i.) phases of infection (Fig. 2) . Infected cells were labelled with a 5 rain pulse to allow the detection o f the precursor proteins, chased for 0, 5, 15, 30 or 60 min, and cell lysates were i m m u n o p r e c i p i t a t e d with anti-nsP3 and anti-nsP4 antisera. P1234 and P123 were clearly present in the early phase of infection whereas late in infection they were hardly detectable.
In the early phase, P 1234 was processed w i t h i n 15 min, and P123 and P34 within 60 min. There was an obvious Labelled proteins were immunoprecipitated with anti-nsP3 (a-3) or anti-nsP4 (a-4) antisera and analysed by SDS-PAGE in 7.5% gels.
increase in the amount of nsP3 during the chase, whereas negligible change was seen in the amount of nsP4 (Fig.  2) . Quantification of the precursor protein as well as nsP3 and nsP4 bands by densitometry showed that there was an almost quantitative transfer of radioactivity from nsP3 sequences of P1234 (nine of 53 methionine residues) and P34 (nine of 27 methionine residues) to nsP3, but none to nsP4 (Fig. 3) . The same was true for samples derived from cells labelled late in infection (Fig.  2) . These results strongly suggest that nsP4 is not derived from the P34 precursor. The amount of nsP4 was always highest immediately after the pulse and instead of increasing during the chase it decreased slightly. Exactly the opposite was seen with nsP3, indicating that P34 is a precursor only for nsP3.
Processing kinetics of SFV ns proteins
Initiation of translation in cells infected with prototype SFV was synchronized 2.5 h p.i. by hypertonic treatment. The cells were labelled thereafter for increasing time periods in a slightly hypertonic medium (K/i/iri/iinen et al., 1978), followed by immediate lysis in hot SDS to prevent further processing during treatment of the samples. This labelling allowed visualization of the synthesis of nascent polypeptides and their early intermediates (Fig. 4) . After a 3 min pulse, nascent polypeptides, derived from the amino terminus of the P1234 polyprotein, could be precipitated only with antinsP1 antiserum. Anti-nsP3 antiserum precipitated a slightly smaller protein than P 123 2 rain later, whereas anti-nsP2 antiserum precipitated a substantial amount of protein migrating at the position of P12, suggesting that Expected values were calculated from the decrease in the quantity of P 1234 and P34 precursors during the chase. The number of methionine residues in the precursors due to nsP3 (P1234, nine of 53; P34, nine of 27) and nsP4 (P1234, 18 of 53; P34, 18 of 27) was taken into account in the calculation of the expected values. The values used for P1234 and P34 were taken from the lanes in Fig. 2 in which products were immunoprecipitated with anti-nsP4 antiserum. this was cleaved before the completion of the translation of P 123. Anti-nsP4 antiserum precipitated low amounts M of labelled proteins migrating at positions of P 1234 and P34 7 rain after synchronous initiation; at the same time,
200K--anti-nsP2 and anti-nsP3 antisera precipitated heavily labelled protein migrating at the position of P123, 92.5K--suggesting that it was cleaved prior to or at the 69K completion of translation of P1234. Within 9 min all precursors and mature nsP4 could be clearly visualized, 46K--as could a low amount of nsP2. Mature nsP1 and nsP3 were clearly distinguishable only after a 16 min labelling 30K--period. The high M r products, which were precipitated after 11 min with anti-nsP3 antiserum, were probably aggregates formed during cell lysis. The complete ns protein-encoding region was translated within 7 to 9 min, giving a maximum translation rate of about 270 to 350 amino acids/rain for P1234, which is 2431 amino acids long. This value is in the same range as the earlier estimation by Ker~inen & Ruohonen (1983) .
Processing of S F V ns proteins in cells infected with ts4 and ts6
The phenotypes of several ts, RNA-SFV mutants with defects in RNA replication have been characterized previously (Ker~inen & K~i/iri/iinen, 1975 (Ker~inen & K~i/iri/iinen, , 1979 . Two of these, ts4 and Is6, synthesize less subgenomic 26S RNA and have a defect in the processing of P1234 at 39 °C. BHK cells infected with ts4 or Is6 were allowed to start virus replication at the permissive temperature (28 °C), shifted to the restrictive temperature (39 °C) 6 h p.i., and labelled with [35S]methionine for 15 min and chased for 2 min. Proteins in the cell lysates were immunoprecipi- tated and analysed by SDS-PAGE (Fig. 5 ). P1234 and P123 accumulated in cells infected with ts4 or Is6, and nsP4 was processed efficiently, but the cleavages at the nsP2/P3 and nsPl/P2 sites in P123 and in P12 were blocked, as almost no mature nsP1, nsP2 or nsP3 accumulated. In cells infected with prototype SFV, all the mature ns proteins were clearly visible after the short chase (data not shown). These results suggest that the proteinase responsible for cleavage at these sites was defective at 39 °C. The cleavage between nsP2/P3 was not completely prevented, as evidenced by the appearance of the alternative precursors P12 and P34.
Proteolytic processing in vitro of an S F V ns polyprotein with a deletion in the carboxy terminus of nsP2
The putative carboxy-terminal proteinase activity of nsP2 was studied by analysing the in vitro translation products of mRNAs transcribed from clones encoding complete P1234 (pTSF1234) and a protein with a deletion of 174 amino acid residues in the carboxyterminal region of nsP2 (pTSF1A234) (Fig. 6a) . The products were immunoprecipitated with all four antisera before analysis by SDS-PAGE (Fig. 6b) . Identification of the precursors was hampered by non-specific proteolysis and premature termination. The anti-nsP1 antiserum and especially the anti-nsP4 antiserum immunoprecipitates contained smaller products, typical of the reticulocyte cell-free translation system used. However, the mature ns proteins could be identified with certainty. No nsP1, truncated nsP2 (67K) or nsP3 was detected among the translation products of mRNA derived from pTSF1A234 (Fig. 6b, lanes 1 to 3) . Lane 4 showed similar products irrespective of the deletion. The smaller bands were seen also in translation products lacking the aminoterminal proteinase region of nsP4, indicating that they are proteolytic products of the translation system itself The open reading frame starting at the ATG (nt 86) a n d ending at the TAA stop codon (nt 7379) encodes the P1234 polyprotein of 2431 amino acids (aa), which is proteolytically cleaved to yield nsPl (537 aa), nsP2 (798 aa), nsP3 (482 aa) and nsP4 (614 aa) (Takkinen, 1986) . Proteolytic cleavage site sequences are indicated. The two alternative processing pathways of P1234 yielding either P12 and P34 (i), or P123 and nsP4 (ii), are schematically shown at half the scale of the upper map. The amino-terminal proteinase domain of nsP4 is marked with dots and the putative carboxy-terminal proteinase domain ofnsP2 with diagonal lines. The broken line in (i) represents the hypothetical breakdown product of P34 processing.
(data not shown). We conclude that deletion of the proteinase domain of nsP2 blocks the processing of P1234 at the nsP1/2 and nsP2/3 cleavage sites, whereas cleavage does take place at the nsP3/4 junction.
Discussion
The events of the two alternative proteolytic processing pathways of the ns polyprotein, P 1234, of SFV are shown in Fig. 7 . The present results show that the first proteolytic cleavage takes place at some frequency between nsP2 and nsP3, producing P12 and P34 (Fig. 7 , pathway i). If this cleavage at the nsP2/P3 site does not occur, the full length ns polyprotein P1234 is produced (Fig. 7, pathway ii) . The P12 precursor is obviously processed further by nsP2 proteinase, whereas the cleavage at the nsP3/P4 site of P34 is catalysed by nsP4 proteinase (Takkinen et al., 1990 ). An interesting discrepancy in the processing of P34 was seen both early and late after infection. During the chase there was a remarkable balance in the amount of radioactivity disappearing from P34 and that appearing in nsP3, suggesting that all nsP3 sequences from the P34 precursor were effectively transferred into nsP3 (Fig. 3) . On the contrary there was no increase in the radioactivity of nsP4 during the chase period, suggesting that nsP4 sequences in the P34 precursor were degraded during the chase period. This would explain the observed lower amount of nsP4 relative to the other ns proteins in SFV-infected cells.
The early appearance of nsP4 together with P 123 (Fig.  4 , 9 min time point) suggests that the proteolytic cleavage of P1234 to P123 and nsP4 is the prevalent pathway in the production of nsP4 (Fig. 7, pathway ii) . In pulsechase experiments, carried out early and late in infection, the amount of nsP4 was maximal immediately after the pulse, whereas the amount of nsP3 increased steadily during the chase. Interestingly, densitometric quantification analysis of the early pulse-chase experiment (Fig.  3) revealed that there was a clear decrease in the amount of the complete ns polyprotein P1234 within the first 5 min of chase, which was accompanied by a respective increase in the radioactivity associated with nsP3 but not that with nsP4. Thus complete P 1234 was not able to feed the pool of nsP4, indicating that nsP4 might be produced only from a nascent cleavage of the growing P1234.
In ts4-and ts6-infected cells, in which ns precursor proteins accumulated, only nsP4 could be identified. The ts4 and ts6 mutants have defects phenotypically similar to those of many representatives of complementation group A mutants of SIN, with a defect in the nsP2 proteinase (Ker/inen & K/i/iri~iinen, 1979; Hahn et al., 1989b; Hardy & Strauss, 1989; Hardy et al., 1990) . Therefore, we assumed that the proteinase of nsP2 was inactive at 39 °C in ts4-and ts6-infected cells; the only cleavage occurring effectively was that catalysed by the nsP4 proteinase. Support for this was obtained from in vitro translation studies of an mRNA encoding an ns polyprotein with a deletion of 174 amino acid residues in the putative proteinase domain of nsP2. The translation products did not include mature nsP1, nsP2 or nsP3, whereas nsP4 was produced. This indicates that nsP4 is an independent proteinase, which catalyses its own cleavage from the ns polyprotein (Fig. 7, pathway ii) , but perhaps only in cis, as suggested previously (Takkinen et al., 1990) . The other cleavages are evidently carried out by the nsP2 proteinase, which can also act in trans (Ding & Schlesinger, 1989; Hardy & Strauss, 1989; Hardy et al., 1990; de Groot et al., 1990) .
Based on sequence analysis of RNA-ts mutants of SIN, nsP4 is the catalytic subunit of the RNA-dependent RNA polymerase of alphaviruses (Hahn et al., 1989a) . nsP4 also contains the Gly-Asp-Asp motif surrounded by hydrophobic sequences, which is conserved in RNAdependent polymerases (Kamer & Argos, 1984; Argos, 1988) . We have shown here that nsP4 of SFV is relatively stable during a 2 h chase, although the amount present is less than that of other ns proteins. This result is compatible with those showing that the SFV RNA polymerase is active for several hours in the presence of protein synthesis inhibitors (K/i/iri/iinen & S6derlund, 1978); under these conditions 42S RNA positive strands and 26S RNAs are synthesized exclusively. On the contrary, the synthesis of 42S RNA minus strands, which takes place early in infection, requires continuous protein synthesis (Sawicki & Sawicki, 1980; D. L. Sawicki et al., 1981; S. G. Sawicki et al., 1981) . It has been postulated that for the synthesis of minus strands, new polymerase complexes are assembled, perhaps one complex for each minus strand (Kii/iriiiinen et al., 1987) . If this hypothesis is true, the 'early RNA polymerase' would be nascent, whereas the 'late RNA polymerase' would have the same components as a stable complex.
In SIN-infected cells, nsP4 is synthesized only in low amounts by readthrough of a termination codon (Strauss et al., 1984; Li & Rice, 1989; Hardy & Strauss, 1988; Lemm et al., 1990; ; it is difficult, therefore, to detect nsP4 in SINinfected cells. Even after replacing the opal codon with sense codons, the amount of nsP4 remains low and is often undetectable by immunoprecipitation (Li & Rice, 1989; . de Groot et al. (1990) have recently suggested that in SIN-infected cells nsP4 is used specifically for the synthesis of minus strands during early infection; this protein would be replaced later by P34, which in SIN-infected cells is fairly stable. For SFV-infected cells this possibility seem:~ improbable because nsP4 is relatively stable and disappears with a half-life of 10 to 20 min both early and late in infection, and thus could not serve as a stable catalytic subunit of the RNA polymerase. To explain the relatively low amount of nsP4 in SFV-infected cells, we would like to propose the following hypothesis. Only nsP4 sequences which are released from the nascent cleavage of the ns polyprotein produce nsP4. Only those nsP4 molecules which immediately become part of the RNA polymerase complex are stabilized and preserved from degradation.
